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REMARKS/ARGUMENTS 

Claims 1, 2 and 5-20 are active in this application. 

As set forth in independent Claim 1, the invention is directed to a process for 
preparing macrocyclic ketones of fomiula I where X comprises a Cio-Ci? alkyl radical. This 
reaction takes place in a gas phase in a manner where the compound of Formula 2 is 
evaporated and then passed at a desired reaction temperature in gaseous form over the 
catalyst arranged in a fixed bed. 

This claim process is not obvious in view of the combination of Decker (U.S. Patent 
No. 4,745,228) and Ruzika (U.S. Patent No. 1,702,843) because there would not have been 
motivation to combine the two references nor a reasonable expectation of success on the 
order observed by the Applicants even if one were to do so. 

As noted by the Office, Decker describes the preparation of cyclic C5 to C7 ketones 
only, in other words much smaller cyclic ketones than that being claimed. Notwithstanding 
this deficiency, the Office then cites the Ruzika patent which describes the preparation of 
larger cyclic ketones. 

First, as been noted previously, the Ruzika patent requires t hat the reaction takes place 
in a condensed phase and not a gas phase as claimed because the corresponding titanium salt 
as formed in the Ruzika reaction are not volatile at the reaction temperature and must take 
place in the condensed phase otherwise no reaction would occur. This clearly teaches away 
fi-om performing the reaction of the Ruzika material in another manner such as a gas or liquid 
phase as taught by Decker. 

Moreover, based on what is known from studying the reaction in Ruzika cyclization 
of larger ketones (as in Ruzika and the claims) yields are on the order of 5% or less (see the 
attached Organic Chemistry textbook from Fieser and Fieser, 3'^ Edition, 1 956 at page 3 1 8, 
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last paragraph referencing the Ruzika reaction; see also the attached publication by Renzat 
^urJOrg Chem 2005, 979-988; page 986, first column). 

Therefore, one would have no motivation to combine the teachings of the two 
references with a reasonable expectation of success. 

Contrary to this conventional wisdom in the field, the Inventors here have discovered 
that one can prepare cyclic ketones with C10-C17 in a gas phase over a heterogenous catalyst 
at quite significant yields of 45 and 78% of the product (see Examples 1 and 2 on page 5 of 
the application. Surely, these types of yields could not have been expected on the basis of 
w^hat was previously known to be the yields of preparing cyclic ketones as claimed. 

Still further, as discussed in the specification on page 3 an advantage of the process 
according to the invention is that the cyclization, saponification and subsequent 
decarboxylation steps which are normally customary in a Dieckmann condensation carried 
out in solution take place in a single step in the gas phase, without isolation of the respective 
iritermediates. A fiirther advantage is that less solvent is required, which leads to a cost 
advantage and a reduced amount of waste which may have to be worked up. 

In view of the above comments. Applicants request reconsideration and withdrawal of 
the rejection based on the combination of Decker and Ruzika . 

Applicants also request allowance of all pending claims. 



Respectfiilly submitted, 
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In the ketonic decarboscylatxon process, a ketone is fonned 
fgOJXL two moles of carboxylic add; water and carbon dioxide 
produced as side-products. At present. th«! mechaxxiiun of 
{His reaction remains under debate; it has been proposed as 
3 radical mechanism, a mechanism involving a ^kcto acid 
35 intermediate, or a concerted mechanism. Ihis paper dem- 
0XiSitxaxcs that the latter mechanism i$ the most likely one and 
tnat weak bases may play the role of promoters. Different 



processes are reviewed for the syntheses of the following 
ketones: symmetxical ketones, such as acetone or 3-pcnta- 
none, cyclic ketones, ^uch as cydopentanone (parent com- 
pound and substituted denvatives), fatty ketones, and some 
unsymmetiical ketones. 

(© Wiley- VCH Verlag GmbH & Co. KGaA, 69451 Wcinheim, 
Gennany, 2006) 



fntrodttction 

The kclonizatton of carboxylic adds by decarboxylation, 
also called ketonic decarboxylation, is usetul synthetically 
for the production of symmeirical ketones such as acetone, 
3-pentanone, cyclopcntanonc, and fatty ketones. When 
starting with two different carboxylic acids, the process 
leads to a mixcure of three products, namely the two corre> 
sponding symmetrical ketones together with the "mixed" 
Icctone. In the ketonic decarboxylation, two carboxyUc acid 
functionalities are converted into a carbonyl group, carbon 
dioxide, and water [Equation (I)]. From the modem, eco- 
logical point of view, this process is a very clean one be- 
cause non-polluting by-products are formed and no solvent 
or other elaborate reagent is necessary 



o 



OH 



elevated 
temperatiires 



(1) 
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As a result, this reaction is an interesting one for poten- 
tial indii^TriJil applications, even though it i<; one of the okl- 
cst rwict ion's kn<>wn in orpanJc ohemi.'stry The dry Hisf il- 
lation of calcium acetate to yield acetone was reported as 
early as 1858^3 (Equation (2)]; until World War 1, this reac- 
tion was employed for the commercial manufacture of ace- 
tone.ra 



o 



o- 



Ca^-^ 



(2) 



In an improved procedure, which involves dry distillation 
passing superheated steam at a temperature of about 300- 
400 *'C, acetone can be obtained in 95% yield.Pl Very early 
on, the ketonic decarboxylation was performed using car- 
boxylic adds and less-than-stoichiometric amounts of base 
to form a mixture of the free earboxylic acid and its metal 
salt. For instance, adipic add was reacted with 4 mol-% of 
barium hydroxide, 4 mol-% of uranium nitrate, or 4 mol-% 
of iron sulfate at 290-295 *C to give cyclopcntanonc almost 
quantitatively.^^) These changes were not introduced by the 
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forces of ecological considerations or req;urements but 
rather by the fact that better yields were achieved this way. 
It has been demonstrated elegantly that in the synthesis of 
cydopentanone from adipxc add in the presence of barium 
hydroxide, 75% of the ketone can be obtained when using 
only 8.5 mol-% of the base [Equation {3)J, whereas the yield 
drop|>ed to 25% when 42 mol-% of bari\im hydroxide was 
usedJ^ Furthermore, and fuJfiJUng even the requirements 
of the modem processes of lecycling and waste reduction, 
a semi-continuous procedure was developed in 1928 after it 
was realized that the baryta residue of the dry distillation 
could be re-used, rather than adding fresh base, together 
with fresh charges of adipic acidJ^ 



B8(OH)z O 
catalytic amounts 


'CO2.-H20 






yield 


[mot%] 


E%] 


42 


24 


21 


62 


8.5 


75 



(3) 



At around the same time, real catalytic processes were 
reported in the gas phase using heterogeneous caiaiyjils^ 
ag., passing adipic add vapours over nianganese(ii) oxide 
at 350 gave an 80% yield of cyclopentanonc.^^^ Furthcr- 
morc» in a sufliciently slow distillation, cydopentanone also 
can be produced from adipic acid without the need tbr any 
additive, merely by placing it in a laboratory glass (60% 
yjeld)l*^'^J or quartz (95% yicld)^«J flask. 

The many different cariy versions of the reaction - i.e., 
the great divert ty of promoting materials employed in var- 
ying amounts and reactions perfonned in the presence of 
water or under strictly anhydrous conditions — confused 
chemists especially when they began to determine the 
mcchanijan.^*^^^ At the time, they were unable to distinguish 
between ketonic decarboxylation, ketonic decarboxylation 
under forced reaction conditions involving side reactions, 



and oxidative decarboxylation. In the following sections, ' 
the experimental results are provided from a retrospective 
point of view in an effort to minimise confusion. An excel- 
lent and detailed historical overview can be obtained from 
the literature.^ 



The Mechanism and Corresponding Expmmental Support 

The first problems lo be resolved before beginning the 
elucidation of the mechanism arc (a) the choice of reaction 
conditions that must he considered^ (b) which conditions 
provoke predominantly side reactions, and (c) which prod- 
ucts belong to which reaction. In particular, the benefits^ 
the advantages^ and the drawbacks of each of the two alter* 
native methods of the ketonic decarboxylation H.c, reac- 
tions using carboxylic acid salts and those using Icss-than- 
stoichiometric amounts of base - should be determined. In 
this regard, a careful literature study suggests, surprisingly, 
that an unambiguous advantage exists for the catalytic 
method. 

The cyclisadon of adipic acid promoted by barium hy- 
droxide is presented here as the first example. As mentioned 
above, cydopentanone can be obtained when using barium 
hydroxide in cataMic amounts: with 4.4 mo)-/v BafOH)^ ai 
a' temperature oi 285-295 "C in 75-80% yieidi'^J or m the 
scmi'Continuous proccdun; using 0.4 moi-% Ba(0H)2 at a 
temperature of ca. 300 'C in 87% yield^^ (Scheme 1, condi- 
tions a and b). In contrast, when the reaction is performed 
usmg stoichiometric amounts of barium hydroxide, i.e., 
with the barium salt of diadipatc, and when the salt has 
been rigorously dried, the kctonisation begins at a signifi- 
cantly higher temperature (430 ''C) and, additionally, con- 
siderable amoimis of cyclopcntene are obtained as a by- 
product (conditions d).^ 

The presence of water must be avoided in these mecha- 
nistic control reactions because its interference increases the 
possibility that barium adipate will form barium oxide and 
free adipic acid. Consequently, the reaction can begin to 
produce increasingly more water» which, for its part, facili- 



a) 

X-H. 
0.4 mol% 
8a(OH)2, 
300 "^C 



b) 

X- M, 
4.4 moi% 
aa(OH)2. 
28S-295°C 



c) 

X = 0,5 Ba, 
dried for 
SQVora! hours 
at110«C. 
430*^ 



d) 

X = 0.5 Ba, 
dried for 24 hat 

passed gv©r P205> 
430 •C 
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e) 

X = 0.5 Ba, 
exce» of BaO 
to bind water 
preduood 
325 *C 



yield: 87% 



yield: 75 - 30% yi<sld: 84% 



censidorabie 
amounts 



yield: 41% 



OQke 
yield 47% 



Scheme L Results of the jketonic decHrboxylation of adipic acid conducted in the presence ef different amounts of barium hydroxide and 
water 
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X»O.SCa. 
500 •C 



X = H, 

passed over Zr02, 
400 •C. 1.3 h-^ 



yield: 28% 




Scheme 2. KetonSc decarboxylation of decanoic acid, as its calcium salt or parsed over ZtO^ 



X = H. 

passed over Zr02. 
420^, 2.0 h-^ 



"^l^")^^ * '"t^^lN^ taltenM ^H?^ '■'H^'^ 



yiold:91% 



talcs a smooth Fcaclion. Thus, the reaction can be consid* 
ered to be the ketonic decarboxylation of adipic acid when 
iess-than-stoichioinetric amounts of base are used in the 
presence of an inorganic sialt, namely barium oxide or bar- 
ium carbonate^ that is mainly non-intcrfcring. Indeed, when 
barium diadipate is not rigorously piuificd from traces of 
adipic acid or is not dried excessively, the reaction proceeds 
ai 430 *C to restilT in cydopentanone in 84% yield 
(Schemt* 1. conditions c).'^* Furthermore, in the presence of 
an excess ot banum oxide to bind the water thai is tormcd 
during the reaction, no cydopentanone product is ob- 
served, but cyclopcntcne (41%) and coke are formed (condi- 
tions c).^*^ 

i be kmetic decarboxyiauon ot adipic acio to cyciopenta- 
nonc, however, might be an exceptional case because it in- 
volves a cyclisation that might be favourable or inopportune 
for a particular (side) reaction. Therefore, the transforma- 
tion of decanoic acid to lO-nonadecanone is cited as a fur- 
ther example of intcrmolocular ketone formation and very 
similar conclusions are drawn. When decanoic add is 
passed over sdrconium oxide at 400 and at a space veloc- 
iity of 1.3 h"\ the ketone is obtained in 77% yield 
(Scheme 2).^* Increasing the tcmpcratun: to 420 "C and the 
space velocity to 2,0 h"^ improves the yield to 91%.^^'^ 
Again, in contrast, the pyrolysis of calcium decanoate at 
500 X results in a complex product mixture including 10- 
nonadccanone in a correspondiikg yield of 28% (Scheme 2), 

The remaining material consisted of the scries of nonyl- 
ketones from 2''Undecanone to 9-octadccanonc and consider- 
able amounts of aJkanes and alkcnes.1^^1 The experimental 
data from a detailed study of the by-products have been 
interpreted by the authors in terms of a free radical mecha- 
nism» which became quite poptdar for understanding the 
kelonic decarboxylation J' '^l However, a more-recent study 
on the pyroIysLs of model compounds over spent oil shale at 
500 °C established that lO-nonadecanonc the primary 
product from decanoic acid. When the acid was passed at 
high space velocities (residence time = 15s), 10-nonad- 
ecanone was the most abundant product, followed by 2- 
undccanone (and trace amounts of all other members of 
the scries) and nonane as the most abundant hydrocarbon 
pi^uctJ^^l At a low space velocity (residence time = 



5 min), the composition of the product mixture changed to 
give 2-und6canone as the most abundant ketone (jm the cor- 
responding series) in a mixture together with CA^-Cyi-al- 
kanes and alkcnes and aromatic faydrocarbons. It has been 
concluded that, at low residence times, decanoic acid 
formed the symmetrical ketone, lO-nonadecanone. At high 
residence times, cracking of the alkyl chain occurred to 
yield predominately 2-undecanone by a favoured p-homoly- 
sis (resonance stabilization). 

It IS evident Irom all these cxpcruncniai data tnat tDe 
kelonic decarboxylation proceeds when using catalytic 
amounts of base. In the presence of stoichiometric amounts 
of base, the reaction is prevented, or at least slowed down, 
and the temperature nnist be raised to achieve any tianslor- 
mation. Under these conditions (>450 "C), cracking reac- 
tions compete efficiently to produce a typical scries of unde- 
sired by-products. Water can run the blockade, forming (in 
an equilibrium) free carboxylic acid and free base, especially 
when metal oxides are formed readily. This observation may 
explain the early makeshift attempts to csmploy superheated 
steam with carboxylatcs and a selection of counterions, 
often alkaline earth metal ions. 

An interpretation of these conclusions in mechanistic 
terms was introduced by Rand et al. in 1961 , who suggested 
thai one carboxylate functionality reacts with a carboxylic 
acid functional ity.l'^J For the transformation of adipic acid 
into cyclopentanonc in the presence of different amounts of 
potassium fluoride as base, similar observations as those 
reported above were again made when the reaction was per^ 
formed usmg dififerent amounts of barium hydroxide. The 
low conversion at stoichiometric amounts of base con- 
trasted the good yield (81%) obtained when using only 
5 mol-% of potassiimi fluoride, although in this case the 
reaction rate was slower. From these experiniental results, 
Rand et al. proposed a mechanism that begins with the for- 
mation of the monocarboxylate of adipic acid (Scheme 3). 
The elevated temperature serves to docarboxylate the depro- 
tonated add functionality to form a carbanion that is pref- 
erentially cycHscd by a nuelcophilic attack onto the remain- 
ing carboxyl group. The resulting anion ellniinates a hy- 
droxide anion to give cyclopentanoncw The liberated base 
can then begin a new reaction cycle. 
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base 



A.-CQa 
N — / 250 - 280 «C 



adipic add 




-OH- 



6 



nucteophlUc attack on tho 
cafboxylic add group 



Scheme 3. Mechanism proposed by Rand ct al.^^^ for the ketonie 
decarboxylation of adipic add to give cyclopentaoone; this pioocss 
involves deprotonation, decarboxylation, and nudeophiiic attack 
on the Aon-dissodated carboxylic acid 



The key feature of this mechanism is that it provided, for 
the first time, an explanation for why a stoichiometric 
amount of baijc reduces the yield of ketone. With an cqui- 
molar amount of base the dicarboxylate is formed and, af- 
ter the decarboxylation of one of them, the resulting carb- 
anion would have to attack the second carboxyl group in 
its dcprotonated form, which is strongly disfavoured. 

Furlhcrmorc, the two negative charges would repel each 
other and would complicate the approach. Conscqucnil>. 
tnc tt ansrormation does not occur al the same reaction tem- 
perature. This proposed mechanism, however, has an incon- 
sistency; the carbanion formed by decarboxylation should 
be protonated immediately by the carboxyhc iicid to form 
pentaooic acid, but this product has never been reported. 

An improved version of this proposed mechanism should 
modify it slightly such that the decarboxylation and nudeo- 
phiiic attack occur in a concerted fashion, as depicted in 
Scheme 4. The exact geomeiiy of the transition state might 
differ from the one depicted - it must be refined by theoret- 
ical calculations - as might the extent of negative partial 
charge at the migrating carbon atom. A concerted reaction 
mechanism has also been proposed earlier from a study -of 
the fractionation of carbon isotopes in the pyrolysis of bar- 
ium adipate:^^®^ the same isotopic compositions were found 
in the liberated carbon dioxide, in the cyclopentanone pro- 
duct, and in the starting adipic acid; no enrichment was 
observed. Consequently, the same number of carbon-car* 
bon and carbon^xygcn bonds must be broken and formed 
in the rate-determining step. It is straightforward to con- 
sider that the deprotonation of the acid is very fa.st and that 
the second step is the rate-detet^ining one. 

The mechanism proposed in Scheme 4 explains many 
particularities of the ketonie decarboxylation and is in ao^ 
cordance with a nimibcr of experimental observations* e.g., 
the formation of ketones from carboxylic adds that lack an 
a-hydrogen atom, such as the cycUsation of 2,2,5, 5-tetra- 
mctbyladipic acid to 2,2,5,5-tctramethylcyciopentanone, 
which has been achieved using either 15 mol-% of barium 
oxide or 45 mol-% of potassium fluoride in 72 or 52% yield, 
respectively [Equation (4)].'**1 This cyclisation cannot be ex- 
plained by the mechanism involving a p-kcto acid interme- 
diate.^'^ 



adipic acid 




Scheme 4. Modified mechanism involving decarboxylalioti and nu- 
deophiiic attack on the non-dissoeialed carboxylic add group in a 
concerted fashion; the adipic add substrate is dcprotonated by a 
base to give the Tnonoadipaie; Chis earboxylatc diminates carbon 
dioxide at elevated tempeniturBs und the resulting carbanion simul- 
taneously attacks the .stscond carboxylic :icid group to forrn a dc- 
nroian>*tcd ketone hydrate, lire Uitler species decomposes inio ihe 

- ^ . .. J . I 1,. . . • J . 1 • » r , t 

a new monoadipate, either by direct depmtonHtion of Hdipic neid 
or via regeneration of the catalytic base 



>6< 



RoactJon conditions: 

19 mot% BaO. 5 h. 320 - 330 ^C* yieM 72%: or 
45 mol% KF. 8 h. 320 340 <C yioid 52% 



In reactions of compounds containing two difTerent car- 
boxylic adds, the question of which of the carboxylic acid 
functionalities is transformed into carbon dioxide and 
which provides the carbonyl functionality in the resulting 
ketone has been addressed through isotope labelling experi- 
ments [Equation (5)]. With two aliphatic carboxylic acids, 
carbon dioxide is formed preferentially from the carboxylic 
acid whose alkyl group (formed by a hypothetical decarbox- 
ylation) better stabilizes a (partial) negative cbarga 



o 



12" 



This concept is in accordance with the mechanism de- 
picted in Scheme 4 where a carbon atom migrates while 
bearing a negative partial charge. Examples indudc the 
transformation of ''^C-labcllcd homocamphoric add into 
camphor,^^^! the ketonie decarboxylation of the thorium 
salts of ^'•C-labelled isobutyric acid and acetic add,^^*' the 
transformation of the calcium salts of valeric acid and '"^C- 
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labelled acetic acid,^^*^^' and the ketonisationl*^ of the tho- 
rium salts of '^C-labelled phenylacctic add with the corre- 
sponding salt of acetic acid. TTic only exceptions to this rule 
ajv the benzoic acid derivatives^ which are more resistant to 
the decarboxylation than the stabilities of their correspond- 
ing 2iniox3Us predict.^ 

The Inaction of a carboxylic acid (salt) with formic acid 
($alts) would also fit the definidon described at the onset 
for ketonic decarboxylation, although the product in this 
case is an aldehyde, instead of the ketone, together with 
carbon dioxide and water [Equation (6)]. Howevci; formic 
acid is a strong itxiucing agent^ that is employed as a 
hydride/hydrogen source or precursor, e.g., in the WaUacb 
reaction and in the reduction of nitro compounds to 
amines,^^^^ and can decompose by dchydrogenation in the 
gas phase,P^^ Therefore, from a mechanistic point of view, 
it should be considered as an exceptional case and, thcre- 
fore, it is not included here. 

Tn conclusion, the ketonic decarboxylation can be de* 
scril^ed ws ihe *iM?ick t>ra carbanion, (ormcd by (iccarboxyl- 
ation from a carboxylatc, onto a carboxylic group. The de- 
carboxylation and the nuclcophilic attack should occur in a 
concerted fashion. Evidence for tl)e formation of a negative 
partial chax^ge may be obtained from cross-ketonic decar- 
boxylations using two different carboxylic acids - one of 
them featuring a labelled carboxylic carbon atom. The de- 
carboxylation predominates in the substrate whose alkyl 
group best stabilizes a (partial) negative charge. A radical 
mechanism can be ruled out by comparison with the oxidat- 
ive decarboxylation.^^ The mechanism of this related reac- 
tion is generally accepted to be of a free radical type, but 
the product distribution is completely diHerent. Results that 
have been cited previously in favour of a radical mechanism 
in the ketonic decarboxylation may be classified as "ob- 
tained under forced reaction conditions," i.e., the by-prod- 
ucts were formed by classical cracking reactions thai can be 
avoided by utilising milder conditions. As a consequence of 
the proposed mechanism and when desigmng new experi- 
mentSy it should be noted that the decomposition of metal 
salts and, equivalcntly, the use of stoichiomctrie amounts 
of base arc unfavourable procedures. A catalytic amount of 
any material that can be protonated by carboxylic acids 
may be employed as a homogeneous or heterogeneous pro- 
moter.P*' Generally, the ketonic decarboxylation is per- 
formed without the use of a solvent; only in a few cases 
have high-boiling hydrocarbons been used. 



portant commercial ketone, but ketonic decarboxylation is 
not utilised for its prodtiction. Instead, acetone is mainly 
co-produced in the Hock phenol process; other straightfor- 
ward syntheses, such as the direct oxidation of propene or 
the deh/diogenation of 2^propanoI, are available. Neverthe- 
iessi in recent years acetic add has been used as a probe 
molecule for activity tests of catalysts for the ketonic decar- 
boxylation (Table 1),^^ whereas the decomposition of me- 
tal salts has become irrelevant. The preferred reaction pro- 
tocol is to place a solid catalyst in a continuous reactor and 
to pass acetic add vapours over it in a temperature range 
from 32S to 375 ^C. It is dear that zeolite catalysts^ which 
are the most important and most common catalysts used in 
the chemical industry, arc not the most suitable ones for 
mediating ketonic decarboxylation (Table 1, entry 1). Car- 
boxylic adds placed under severe reaction conditions arc 
readily converted into aromatic hydrocarbons because the 
primary reaction product, acetone, undergoes a number of 
condensation and isomcrisation reactions. ^'^^ Am a conse- 
quence, the selectivity towards acetone is very low. More 
appropriate catalysts are basic metal oxides, which provide 
acetone almost quantitatively (Table 1 , entries 3 to 8). CcOi 
and Mn02 on alumina arc the most cflidcnl catalysts be- 
cause almost complete convcrssion can be achieved at a rela- 
tively low temperature (325 ^C) and at u quite high weight 
hourty space velocity (^WHSV; I able I, cn.lnes 3 and 4). 
Other interesting catalytic materials are zirconium oxide 
(entry 7), optionally modilied with sodium oxide (entry 6), 
or hydrotaldtes, which are layered mixed hydroxides of alu- 
minium and magnesium (entry :>). 



Table 1. I^nsformatloa of acetic add into acetone through ketonic 
decarboxylation 
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WMSVW 


Catalyst 


Conv. 


Yield 


Select. 
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rcj 
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0.1 
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22 
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325 
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KjO (10 wt.-%. 


29 














•wet) on CoMdO* 
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325 


2.1 


CcOj (20 wl.-%) 
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on AI2O3 
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325 


2.1 


MnOi (20 wt.*%) 
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Oti AI2O} 








pi I 
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350 


0.57 


hydfotoldte 






higl) 
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350 


0.37 


NBaO wiyX) 




95 










on ZrOj 








l»J 
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375 


a37 
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375 


2.1 


manptnese nodutM^'^ 




95 
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450 


0.57 


ZftO/AljOjCS:!)!''! 


89 




high 





[a] Wrif.ht hourly sfMoe vdodly. [b] COj (62%) was detected, [c] Natural mixed 
oxides involving Mn. Pb, Cu* Ni, Co, N«, K, C*, Si, anU A], \4) JUyercd dovbb 
hydroxidea. 



Synopsis and Scope nf the Ketonic Decarboxylatiod 

The first preparative ketonic decarboxylation was per- 
formed in the mid-nineteenth century to provide acetone 
from calcium acetate At present, acetone is the mosft im- 

Bur, /. Or» Chem, 2005, 979-9R8 WWW-«llj0C-0rg 



The next higher symmetrical homoiogue of acetone, 3- 
pentanone, is also of commercial interest. It is used as a 
solvent for paints and in fragrances and it is a common 
starting material for organic syntheses. Tn contrast to ace- 
tone; 3-pentanone is produced preferentially by ketonic de- 
cs 2005 Wiley-VCH VctIbb CmbH & Co, KGmA, Wcinhcim 983 
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carboxylation of the corresponding carboxylic add: propi- 
onic acidJ^^ This situation is evidenced by the number of 
patents disclosed on this subject Suitable catalysts for this 
process arc CeOs and MdOs on aJumina, which provide 
exceUent performance ^th very high conversions and selec- 
tivities (Table 2, entries 1, 2, 4, and U), All oxides of the 
alkali metals on an anatase support represent active materi- 
als, although at a quarter of the WHSV of entries 1 and 2, 
and provide the desired B-pentanone almost quantitatively 
(Table 2, entries 6-10). 

Tabic 2. Transformation of propionic add into 3-pentanonc 
through ketonic 4ecarboxylatian 

Hatiy T WHSVl"J Catatyat IVaterP*' Yield " Rcf, 

rc] iwt.-%l [yo] 

1 325 2,1 Cc07 (;iO Wt-%> on 93 ^ 
AI2O3 

2 325 2.1 MnO3.(20wt-%>on 95 * t»0) 

3 330 ZrOa 95 W 

4 350 2, J CcOa (20 wL-Vo) on 92 ^ 

5 350 0.6 7X)i 98 P« 

6 360 0.48 LijO (2 wt..%) on TiOa 10 95 t^I 

7 360 0.59 NajO (2 wt.-%) on TiOa 12 99 ^'^ 

8 360 0.50 K?0 P, wi,-%) on TiOa 12 99 
0 fl.^O Rb/) (2vv:. 0" '1''0. OR 
1 1." i6v y.4i< wi.-"f'-> on IfOi !«• 

11 395 2.1 MnOj (20 wl.-%) on * 90 

12 425 2.1 manganese nodules 90 ^ 

[al Weight hourly apace velocity, [b] Water added to feed. (cJ Propionic add 
added continuously to hiKl^-boiKng paraflTins. 

Higher symmetrical ketone homologucs arc produced on 
a smaller scale and are mainly employed as intermediates. 
Table 3 summarises the formation of 4-heptanone, 2,4-di- 
methyl-3-pentanonc, and 5-nonanone from /i-butyric, iso- 
butyric, and /i-pcnlanoic acids, respectively The corre- 
sponding ketones can be obtained in excellent yield, but the 
reaction conditions and catalysts must be selected carefully 
and optimised because side reactions^ such as cracking of 
the alkanc chains^ may occur. 



M» Rfinz 



Tdble 3. Fbrmation of 4-h6ptanonev 2,4-dimet!iyi-3-pentanonc» and 
5'Dcnanone thxough kctonic decarboxylation of the corresponding 
carboxylic adds 



Entry 


Carboxylic 
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WHSV«*J 


C&talyst 


Yield 


Ricf 


acid 


rc] 
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n-butyiic 


450 


0.46 
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(401 • 
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350 


0.6 


ZrOj, 


98 
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APpentanoic 


400 


2.1 


MQO2 


>S8 
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(20wt.'%) 














on AlaOj 




w\ 


4 


R-pcntmioic 


400 


Zl 


Ce<>2 


>75 








(20wi.-%) 














on AI3O3 




!*0!1 


5 


Ti-pentanoic 


4S0 


0.46 


AI2O3 


S9 



[a] Weight hourly space velocity. 



Tn several cases, kctonic decarboxylation provides a valu- 
able entry point for preparing un symmetrical ketones, but, 
in the cross decarboxylations of two different carboxylic ac- 
ids» the symmetrical ketones are always produced as well. 
Consequently, the selectivity towards the desired ketone is 
quite low in the product mixture of the three products be- 
cause of statistical reasons. Thus, reaction of acetic acid and 
butanoic acid Ci^ble4, entry 1) provides 2-pentanone in 
only 43% yield together with acetone (30%) and A-hcp^ 
tanooe (33%). This disadvantage can be diminished by em- 
ploj'ing one of Ihc carboxylic acids in excess- cither a ver>' 
cncap one or one that results m a vaiuaiwe, symmetrical 
ketone as the co-product. In this manner, several methyl 
ketones are produced by kctonic decarboxylation em- 
ploying an excess of acetic acid, which is quite cheap and 
provides acetone as a by-product thai can be commercial- 
ised. Thus, reaction of acetic acid and isobutyric acid has 
resulted in yields of 66 and 72% of methyl isopropyl ketone, 
based on isobutyric acid (Table 4, entries 2 aiid 3), Pinaco- 
lone was obtained in 81% yield, or in 58% yield at a conver- 
sion of 60%, which corresponds to a selectivity of 97% 
(Table 4, entries 4 and 5). A very interesting product ob- 
tained by cross-ketonic decarboxylation is 1-phenylacetone, 
which is a useful intermediate for the pharmaceutical indus- 
try that cannot be formed directly through a simple Fric- 
del-Crafts acylation or alkylation (entry 7). Althotigh this 
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12 
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Table 4. 'lYansformation of carboxylic adds into asymmetric ketones through ketonic decarboxylation 



Entry 


Add 


Mass 


T 


WHSVI'I 


mbAtrates 




rq 




1 


acetic butanoic 


37:52:1! 


430 


0.35 


2 


acetic, isobutync 


40:40:20 


380 


0.47 


3 


ncetic, isobuQrric 


44:44:11 


430 


0.37 


4 


acetic pivtilic 


62:18:20 


450 


0.84 


5 


acetic pivalic 


40:48:12 


435 


0.97 


6 


acetic lauric 


69:31:0 


430 


0,36 


7 


iicctic phcuylaccUc 


66:30:4 


430 


0-36 


8 


propionic benzoic 


65:18:17 


400 


0.88 


9 


propionic, benzoic 


53:32:15 


470-510 


0.4-LO 


10 


propionic benzoic 


72:24:3 


430 


0.36 


11 


propionic, benToic 




380 


batch 



Catalyst 



Product 



ZrOa (10 wL-%) on TtOi 
NaaO (1 .3 wt.-%) on TIO, 
Z1O2 (10 wt.-%) on TiOs or ThOj 
<10wt.-%)onTlOi 
NajO (1.3 Wl.-%) 00 T1O2 
NdjOa (3Z5 wt.-%) on AI2O5M 
Zr(>2O0wi.-%)on TiOa 
ZiOi (10 wl.-%) on TiOa 
NU2O (2,5 wt.-%) 00 TiOa 
CuO (3.87 wt.-%> on AIjOj 
ZrOa (10 wt.-%) on TiO? Of Th02 
(IOwt.-%) on TSO2 
Cr oxide (ca. 5 wt.^%) OA ZrOi 



2-p«nianonc 

TTH^lhyl htopropyl ketone 

methyl i:>opit>pyl ketone 

pinacolone 

pin.icolone 

2-tridecanone 

l-phenylaoctonc 

profnopheuonc 

proj^opbcnonc 

profnophcnonc 

propiophcnOne 



Yield 


ReC 


1%) 




43 




72 




66 




81 


13*) 


58W 


1421 


60 




61 




99 




98 




90 


14«1 


77l»l 


(*4J 



la) Weigiit hourly space wlocity. [b] The firel t"w0 components are the two carboxylic acids and the third ix waten normuUifiCd to 100. [c] Other rare earth 
metal oxides have been tested and give similar results, [d] At 60% conversion ©r |»valic acid, [e] At 79'^ conversion of benzoic actd. 
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possibility is available for 1 -phenyl- l-pfopanone, which is 
also an intermediate used for preparing pharmaceutical^ 
ketonic decarboxylation is a real alternative that avoids the 
use of the acid chloride together with an equivalent amount 
of aluminiuxn trichloiide.^^^ The conditions for ketonic de- 
carboxylation have been optimised and propiophenone can 
be obtained quantitatively with respect to the benzoic acid 
(Table 4, entries 8-11). Again, the catalyist^ employed in 
most of these cases were basic metal oxides on an anatasc 
or an alumina support. 

Cyciopentaaone, as mentioned earlier, is also a commer- 
ciaJly important compound that can be produced by ke- 
tonic decarboxylation. Two decisive factors result in this 
synthetic strategy, rather than cyclopentene oxidation, be- 
coming the industrially preferred process. First, the sub- 
strate is a dicarboxyiic acid, adipic acid, that has a much 
higher boiling point (ca. 330 ^C) than does cyclopentanonc 
(131 **C). Consequently, the product can be distilled easily 
from Ihc reaction mixture. Secondly, the substrate, adipic 
acid, is a bulk product and, therefore:, it is cheap and readily 
available. 

The favourable boiling points allow the use of a different 
production process, rather than the common continuous re- 
actor employed in the majority of ketonic decarhoxylntions 
of other subslralcs \\ wjis rcHliz-cci very early on thai cyclo- 
i>Citv«(K»j(r t>c uIh<i>ucu uy >'iuw ui:>tiliatioii oi adipic 
acid or after thermal decomposition of its barium or cal- 
cium salts (Tabic 5, entries 1-3).^''^^ Later, as discussed 
above in the section on the mechanism, the reaction was 

conducted lii the picacuM; uf s^ttldlydi; aiiiOUULS oi base. Il 

was demonstrated that the strength of the base bas no cm* 
cial influcnoc on the reaction rate» but the amount does. 
Thus, no difTercnee is observed when performing the reac- 
tion using either sodium hydroxide or sodium carbonate as 
baseJ^'l Consequently, promoters for the ketonic decarbox- 
ylation of adipic acid include many kinds of bases, such as 
the strong potassium fluoride {Table 5, entry 9), hydroxides 
of alkali and alkali earth metals (entries 4-6 and 10), so- 
dium phosphate (entry 1 1), and very weak carbonates (en- 
try 12). Generally, cyclopentanone is obtained in SO-90% 
yield. 

Similar yields are achieved when the reaction is per- 
formed in the modem form of the ketonic decarboxylation, 
i.e., placing a solid catalyst in a continuous reactor. For 
instance, yields 'of 87 and 88% were observed when using 
barium oxide or phosphate-impregnated silica catalysts 
(Table 6, entries 1 and 2). Interestingly, in the continuous 
reactor, the diethyl ester is the preferred substrate derivative 
over the free acid. This phenomenon may be due to its 
lower boiling point (245 v& ca. 330 ^C) and, therefore, 
easier evaporation. As a consequence, the reaction tempera- 
ture could be lowered to 270 ^'C and cyclopentanone was 
obtained in 77% yield when using a potassium-oxidc-on- 
anatasc catalyst (Tabic 6, entry 3). However, the common 
catalysts applicable for monocarboxylic acids were not suc- 
cessful in all cases when using the ester substrates. In par- 
ticular, Th02 and Mn02 on alumina rexsulted in low selec- 
tivitics (42 and 62%, respectively; Table 6, entries 5 and 9). 

FMr. I Or^. Chcnr, 2005. 979-988 WWW,eurj0C*0rg 



Table 5. Formation ofcyclopfintanone through ketonic decarboxyl- 
ation and distillation from a batch reactor 

Batfy Substnito T CsualyA y53 Sdoct. RcC 

dcrivaiivc ^ 1%I !%] 

) adipic acid - 60 

2 adipic acid 290-300 - 88-98 ^ 

3 baiium 430 - 8^ ^ 
adipate 

4 adipic &c)d B»(OH)2 87 w 

(1.7 wL-%) 

5 »dii»«ACid 285-295 Bii(OH)» 80 

(5 wt.-%> 

6 ftdisMCacid 290-295 Ba(OH)> >95 

<4 inol-%) 

7 ftdipicaeid 270-280 VQ^(h)^ 85 

(4 mol-%) 

8 adipic ucid 270-280 FeS04 90 

(4 mol-Vo) 

9 adipic acid 250.-280 KJF 81 

(5 tnol-yt.) 

10 adipic add 350 NaOH 84 ^ 

(i0flM>K%y»i 

11 adipic acid 250>*» NajPO* 71 90 '^^l 

(2 mol-%) 

12 adipic acid 250P*I Ca^COi 90 92 

(2.6 mol-%) 

13 adipic acid 25^i Na28407 95 92 i*'^ 

(I.4mol-Vo) 

14 adipic acid 450 iron-containing 90 '^"^ 

graphite 

fA] Similar yii$ldsi w«rc t^buined wb«n u^unK th« hshtjw arnounL^ ofnthci alkali 
htkI alknli earth nieeuls. [b\ Uistilistion frcn: the rsac!:on n:;xlure *js:n£; c'l 



Tilis cyciisadon allows several aucyi substitutions in the 
substrate; the corresponding cyclopentanone is always ob- 
tained in yields of ca, 80% (Table 7). For instance, an 87% 
yield of 3-nietbylcyclopentanone was obtained from 3- 
methyladipic acid when using 5 inol-% of Na2C03 as the 
promoter (Table 7, entry 4). When starting with an enantio- 
mencally pure compound, the enantiomeric excess is main- 
tained in the product; thus, (/?)-3-mcthykidipic acid is con- 
verted into (/{}-3-nicthyl^cIopentanonc (entry S). Adipic 
acid derivatives involving rm-butyl groups, as well as two 
or four methyl groups, arc suitable substrates for the ketonic 
decarboxylation to the corresponding cyclopcnianonc de- 
rivatives (entries 6-1 0)» 

In contrast to the skeletal changes induced by aikyl sub- 
stitution, elongation of the carbon chain of the dicarboxyiic 
acid provides less-favourable results. Cyclohexanone may 
still be obtained in good yield (Tabic 8, entries !• -3), but its 
formation by ketonic decarboxylation is rarely performed 
for two reasons. Firstly, the :nibstrate» heptancdioic acid, is 
not readily available; secondly, the product^ cyclohexanone, 
can obtained by a straightforward procedure from benzene 
through hydrogenation/oxidation processes. 

The next homologue, (^loheptanone, may be synthe- 
sized by ketonic decarboxylation, but methods that work 
well for other substrates provide only moderate yields in 
this case. For instance, when reacting dimethyl octanedioate 
in the presence of alumina, cycloheptanonc is obtained in 
a regular yield of 29% (Table 8, entry 6) as opposed to 69% 
in the case of cyclopentanone (Table 6, entry 8). At the 

O 2005 Wiiey-VCH Verlus Gmb^l & Co. KCaA, W^inhcim 985 
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ThWe 6. formation of cydopcntanonc through kotonic dccarboxylatioxi by passing the substmtc over the solid cataJyst bed placed in a 
continuous reactor 



Entry 




T 


WHSVW 


Catalyst 


Conv. 


Vield 


Select. 


Ref. 




derivative 


m 




[V<i 


I%I 


[%] 




I 


adlpic add^' 


345 


0.27 


BaO (5 wL-%> on AI2O3 




88 






2 




tw 








87 








diethyl adipate 






NaH2pO4(10wL^%) 










3 


270 


0.J5 


K2O (2 wL-%) on TiOa 




T7 


94 




4 


diethyl adipate 


300 


O.l 


La203 (3% La) on ZrOj 




82 


84 




S 


diethyl adipate 


325 


2.0 


II1O2 (20 wL'Vo) on AJ2Q3 


43 


18 


42 


C511 


6 


monomethyl adipate 


350 


0.4 


bauxite Fe-Al-Si-Ti 




85 




t"! 


7 


dimethyl adip«tcf<^ 


350 


0.92 


iron siliealite (pentssil) 


81 


80 


99 




8 


dimethyl adipateS^' 


350 


0.5 


gaxnmtL-alunoDDH 


77 


69 


89 


134] 


9 


diethyl adipate 


375 


2.0 


MnQj (20 wl.-%) on AlaOj 


53 


33 


62 






mlxtuie monomethyl and 


380 




zeolite + 15 wt.-% Tc^P^ 


CO 


59 


98 






dimethyl adipate 
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mixture monomethyl and 
dimethyl adipate 


400 


m 


dinoptiloKte + 15 v^rt-yo MnOj + 
1.7% Cu 


55 


53 


96 


(561 



[a] l^^igbt hourly bi>aG6 velocity, [b] Ibgether with 75 wt,-% of water, fcj Alternatively, together with 82 wt.-% of water, [d] Together with 
100 wL-% of water, [c] Together with 22 wt,-% of water, [f] WHSV not r^rted. 



Table 7. Ketonie deetfxboxylation with distillation of the aubsii- 
tuted cyelopcnUnoDe8 obtained from the corresponding adipic acid 
derivatives 



Hnlry 


Substiluents 


7* 


CatAlyjtt 


Yield 


Ref. 
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*.Um«ihyl 


4.SU 


iron-con Uiinin A 
graphite 


AO 


(4K| 


2 


3-niethyl 


290-305 




77 


V^J 


3 




270 280 


2ii<lust(l%) 


81 


[4] 


4 


3-metfayl 


350 




87 














5 


(/t)-3-mclhyl 


350 


($moU%) 


72 


[451 


6 




3S0 




83 


Ha) 








(5 mol>^) 






7 


2,2-dimethyl 


(23 mol-%) 


77 




8 


2.2-dimethyl 




(19inQ!-%) 


80 


l»7| 


9 


2;i,5.5"tetrMnethy1 


320-340 


KF nil hydrous 
(45mol-'»ft) 


52 


tl5I 


10 


2,2,5,5-tetrBinetbyl 


320-330 


BaO 

(15 mol-%) 


72 


P1*J 



[a] Distilled from the reaclien mixture using diphenyl ether as solwnu 



same timei the selectivity decreases from %9%^ observed for 
the formation of cyclopentanone (JMe 6, entry 8), to 50% 
when dimethyl octxmcdioatc is convert^ into cyclohcp* 
tanonc (Tabic 8» entry 6). 

Cyclic ketones having a nine-membered ring of carbon 
atoms or more are obtained in less than 5% yield ~ often 
only in traces (0.1-0.2%),^^^! There seems to be a clear 
trend: in the cases of cyclopentanone and cyclohexanone, 
ring formation is favoured. Cycloheptanone may be ob- 
tained by ketonic decarboxylation, but the ring closurt to 
larger rings seems to be disfavoured. When elongating the 
carbon atom chain of the diadd, the reaction partner, the 
second carboxylic acid group, is positioned further away 
and the number of degrees of freedom increases. Conse- 
quently, the intermolecular version of the ketonic decarbox- 
ylation may compete efTiciently. 
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Symmetrical linear long-chain ketones^ the so-called fatty 
ketones, are obtained by ketonic decarboxylation of fatty 
acids. It has been demonstrated that this chemical reaction 
occurred in unglazed archacolo^doal poUcrv thousands of 
yciir.s ^tj*!.'^**'* Tsutoj^ii,' HfiO tilrueiurwl analyiics of ihc fatly 
adds, which always co-occur with the ketones, suggest that 
a precursor-product relatiomjhip exists. Fatty ketones have 
many applications, e.g., as fabric softeners^ corrosion inhibi- 
tors^ and flotation aids.^^^1 They are the main components 
of water-in-oil emulsiHers for skin creams and lotions. After 
quaternisation or sulfonisation they may be transformed 
into surfactants. 

Table 9 lists several preparations for fatty ketones. Again, 
the same procedures as described above were applied for 
these ketonic decarboxylations, i.e^, thermal decomposition 
of metal salts (older procedures arc not included here), di.s- 
tiUation of the free acid in the presence of catalytic amounts 
of an inorganic promoter, and the passage of vapours of 
the free add or the methyl ester over a solid catalyst. An 
optimised distillation procedure is the one for the pro- 
duction of stearone using magnesium oxide as promoter 
(Tabic 9, entry Stearic acid (3.8 mol) was treated for 
2 h with magnesium oxide (2 mol) and then the resulting 
ketone was distilled under reduced pressure. Stearic add 
(3.2 mol) was added to the residue and then the distillation 
was continued. The yield (10%) was maintained over 10 
consecutive cycles. As an additional advantage, the fatty 
ketones obtained in this manner are almost colourless and 
can be employed directly in cons tuner goods without 
bleaching. 

Because of the minor changes in material characteristics 
of the product when varying the number of carbon atoms 
of the linear chain, the fatty ketones can be applied as mix- 
tures of ketones that have different chain lengths. For the 
production of these mixtures, natural fatty acid sources can 
be used without separation of their single components. For 
example, rape oil can be transformed into the methyl esters 
of its corresponding fatty adds by transesterification and 

WWW.eur|OC.org Eur J. Orx, Oiatt 2005, 979-088 
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Ikblft S. lyansforznation of heptancdioic add and octanedioic add derivatives into cydohexanone and cydohcptanonc, respeclivdy, 
thjougb ketonic decarboxylation 



Eotry 


Substrate 


T 


u era rf tel 


Catalyst 


Product 


Conv. 


Yidd 


Sdecu 


Rcf. 






PC] 


[h-'] 






(%] 


[%] 


^P^l 




I 


dimethyl heptanedioate/water 


34S 


0.28 


AlaOa 


cydohexanone 


88 


85 








(57:43 WL-Vo) 


400 
















2 


dimethyl heptanedioate/methanol/ 


1.0 


LiaO (13.5 wt.-%) 


cydohexanone 


70 


70 


100 






water {19, 13, 8 wt.-Vo) 






on MgO 










3 


iicptancdioic add 


450 


dist 


iron-containing 


cydohexanone 




80 




m 










graphite 












4 


dimethyl octanedioate/methanoV 


440 


ZnO(12wt..%) 


cydoheptanonc 


65 


49 


76 






water 






y?oas [q]?>on 






























5 


dimethyl octancdioate/methanol/ 


350 


1.0 


CS2O (18 wt.-%) 


cydoheptanone 


46 


27 


59 






water (71:23:6 wt.-%) 






on Si02 












6 


dimethyl octanedioateAvater 


345 


0.28 


AJ3O3 


cydohcptanonc 


58 


29 


50 






(57:43 wt.-%) 


















7 


octancdioic add 


450 


disc 


iron -containing 


cydoheptanone 




17 














graphite 













[a] Wdght hourly space velocity, [b] WKSV not reported. 



Table 9. Tfaosformation of fatty acids iDio fatty ketones through ketonic decarboxylation 



r.ntry 


Substrate 


T 


Reaction 


Catalyst 


Yield 


Ref. 






conditions 








\ 


octanoic Hcid 


420 


lal 




76l»»l 






ociunoUi acid 




WHSV = 1 2h ' 




KM 


i>'j 








\ktlUM\t — 1 U 1 




* V 


• in 


4 


decjinoic acid 


420 


WHSV =2.0h ' 


ZrOj 


91 


lul 


5 


methyl dodeciiDOHte 


400 


WHSV = l.Oh ' 


Sn-Ce-Rii-O 




(62) 


6 


dodccanoic acid 


380 


distillation 


bauxite Te-Al-Si-Ti 


89 




7 


dodecanoic acid 


330 


w 


MnOz on pumice 


95 


10*J 


u 






>>CiTlivvMt. diStillatiOri 






m^i 


9 


octadecanoic acid 


360 


I*] 


MnOj On pumice 


95 


104J 


10 


octadecanoic acid/hcxadcc^lDoic add (90:10) 


380 


distillation 


bauxite Fe-Al-Si-Ti 






11 


methyl csterv from mpe oil 


385 


WHSV = 1.5 h-> 


Sn-Cc-iUi-O 






12 


mctliyl esters from rape oil 


390 


WHSV = 1.0 h' 


Fc-Si-O>K-0 


63W^ 


[671 



[a] Continuous neactor; weight hourly space vdodty (WHSV) not reported, [b] At a convcirsion of 82%. [c] Hydrocarbonswisre detected 
at 22%. [d] Mixture of ketones, [e] Hydrocarbons were detected at 13%. [Q Hydrocarbons were detected at 12%. 



then treated at 385-390 *C in a continuous reaction using 
metal oxide catalysts (Table 9, entries 11 and 12). More 
than 60% of the crude product consiiits of fatty ketones 

A crucial point for the conversion of fatty acids into fatty 
ketones is the reaction temperature and the contact or reac- 
tion time. Long alkyl chains are very prone to cracking re- 
actions Methyl ketones, alkanes> and alkenes are the pri- 
mary products that may be degraded farther. The elevated 
temperatures probably cause these side reactions as a result 
of Uic high boiling points of the ucid$ and the product 
ketones (sec also the section describing the mechanism). 



Ftlture Perspectives 

Ketonic decarboxylation is a very old reaction, but not 
an old-faKhioncd one A synthetic reaction that requires 
only base catalysis for carbon-carbon bond formation 
meets the modem demands of green chemistry perfectly. 
The by-products - carbon dioxide and water — arc low- 
polluting compounds. TTic c-factors, the exploitation of the 

Eur. J. Orj^ Chetn. 2005, 979-988 www.eurjOC.On5 



employed mass, range from 58yD for the transformation of 
small molecules (eg., propionic acid into 3-pentanojae) to 
an excellent 89% for the conversion of stearic acid into stea- 

rone. 

The field of applications of the ketonic decarboxylation 
will be similar in the future. Small symmetrical ketones may 
be produced by thi» reaction, including cyclic ones. In par- 
ticular cases it may be an interesting solution for the synthe- 
sis of unsymmetrica) ketones- Growth should be expected 
for the application of this reaction to fatty ketone pro- 
duction because this process is an elegant means for trans- 
forming fatty waste residues into commercially valuable 
products. 

The relatively high reaction temperature required for this 
reaction is often the most seriotis problem when considering 
industrial applications. The design of bifunctional catalysts 
that involving basic sites together with other sites that are 
able to activate the second reaction partner may lower the 
temperature. Furthermore^ ketonic decarboxylation remains 
a challenge for theoretical chemists to determine and con- 
firm the reaction mechanism. 
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RING FORMATION AND STABILITY 



Cyclic Ketones. — Pyrolysis of the banum salt of adipic acid (p, 196) 
affords cydqi^tanonc in 80% 3aeld, and cydohexanone is produced in high 
yield from pimdic add by the same method. Five- and dx-membered 
cydic ketones are produced so readily that adds of the adipic and pimelic 
types often can be converted into the ketones by simply heating the dibasic 
add with acetic aohydride and distilling the exce&s reagent and the product, 
if it is volatile, at atmospheric pressure (Blanc, X907). Probably the add 



CHaCHicCOlOH; 
(^CHsjcOOHj 
Adipic acid 



(CHM)*0, distil 



CHr-CB; 



::h, 

Cyctopentanone 



is converted first into the polymeric anhydride, which then sujffers pyxolysis 
rather than the depolymerization to the monomer observed when distillation 
is conducted in vacuum at a lower temperature, for pyrolysis of such jwly- 
mers at atmospheric pressure affords ketones. Blanc observed that adds 
of the glutaric type, when submitted to the same process of distillation with 
acetic anhydride, arc converted into anhydrides and not into cydobutanone 
derivatives, and proposed this reaction as a diagnostic test for distinguish- 
ing between dibasic adds having a chain of five carbon atoms 



/CHiCOOH 

\CHaCOOH 
Olutaric add 



(CEbCOHO 



/CHaCO 
AnliydHdo 



(HOOC-C C»C*COOH) and those having six or more carbon atoms in the 
chains (Blanc rule). Although the generalization accurately describes the 
behavior of the majority of adds, exceptions have been encountered in the 
case of certain highly substituted compounds of the adipic add type that 
yield anhydrides rather than ketones. 

Synthesis of laige-ring ketones by pyrolysis of metal salts of the corre- 
sponding adds is usually accomplished by heating the add with the metal 
oxide. Caldum oxide appears preferable for the lower members of the 
series and thorium or cerium oxide better for the higher members. Ru^cka 
noted an interesting relationship between yield and ring size. The 5- 
6-ring ketones are obtainable in high yidd, the yield of the Crketone is 
moderate and that of the C«-ketone fair (»o%), but the ketones in the range 
Co"Cia are obtained under optimum conditions in yidds of not more than 
^•5%- From Cu on> however, the yidds improve and reach a secondary 
ma x imum of about $% for the Cia-ketone, and then fall off to a Icvd of 
about 2%. Rudcka's discovery of the existence of large-ring ketones as 
the active prindples of valuable perfumes, coupled with the observation 
that the pyrolytic method found applicable to the synthesis of such com- 
pounds gives at best yidds of the order of 5%, presented a challenge for i 
the devdopment of an improved technique that was not slow in forthcoming- 
Ziegier in 1933 applied to the problem a prindple that had appeared in the 
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CYCXrlC KETONES 



3^9 



literature (RuggU/^ 1913) but had received little attention. The chief 
obstade to formation of large-ring compounds is interference from the 
competing reaction of polymerization. Under ordinary conditions of ejc- 
pcrimentation a functional group B collides many more times with the 
group A , of surrounding molecules thaa with that present in the same 
molecule, and hence polymerissatioa predominates. Any variation in the 



Cyclic monomer ^ Polymer 

conditions of the reaction that will suppress polymerization must increase 
opportunity for intramolecular cydiasation, and a means of achieving this 
objective consists merely in conducting the reaction at high dilution. 
If each molecule is surrounded largely by solvent moleades and is relativdy 
remote from others of its kind, opportunity for inteimolecular collisions is 
diminished and cydization given a chance to proceed, even if slowly. As 
with any other monomolecular reaction, the rate of cydization is inde- 
pendent of the concentration, and the reaction is just as rapid in a very 
dilute solution as in a concentrated one, whereas the vdodty of polymeriza- 
tion, which is bimolecular in the initial phase, can be decreased enormously 
by operating at high dilution. 

For utilisation of the dilution prindple in the preparation of large- 
ring ketones it was necessary to employ a cydi;5at;on reaction capable of 
being conducted m a homogeneous liquid phase with all the rcactants in 
solution, and Ziegler worked out a suitable adaptation of the Dieckxnann 
reaction meeting this requirement. A dinitrile was used in place of a di- 
ester, and a condenimg agent to replace sodium or sodium ethosidc was 
found in the ether-soluMe compound lithium cthylaniHde, IiN(CsH5)CcH8 
The fuU sequence of reactions is formulated: 

j -CKsCbbN I CHiOassN 

I CftHfi I 

' C&C^lf I CHC^N 

Dixiitrilo j^. 



(ca)o I 

I CHC—N 

Li derivative of ketimino 
nitrilo 



CH.OO 



I — 



CH,CO 



ch[c6Sh 

^Kcto add" 



Ketone 



By virtue of the activated position adjacent to the unsaturated nitrfle 
group, the dinitrile is converted into a lithium derivative, which undergoes 
cydization, pictured in the formulas as addition of the C-lithium to the 

Basel; ff«b« CHm Afia 99, 796 



